which had been added bovine serum albumin. The latter has been shown to aid in the preservation of Neurospora mitochondria capable of coupling oxidation to phosphorylation.4 It would seem then that the inclusion of bovine serum albumin in the medium has allowed us to isolate mitochondrial preparations capable of demonstrating substrate-independent amino acid production.
TESTOSTERONE BIOSYNTHESIS BY RABBIT TESTIS SLICES: GLUCOSE-UL-C14 AS A CARBON SOURCE FOR TESTICULAR STEROIDS AND TESTICULAR PROTEINS* BY GERALD M. CONNELL AND KRISTEN B. EIK-NES DEPARTMENT OF BIOLOGICAL CHEMISTRY, UNIVERSITY OF UTAH COLLEGE OF MEDICINE, SALT LAKE CITY, UTAH
Communicated by Oscar Riddle, December 13, 1965 Numerous studies have indicated that both the testis and the ovary respond to gonadotrophin addition in vitro by an increased production of steroid hormones. Thus, testosterone production and incorporation of isotopically labeled precursor into labeled testosterone by rabbit testis slices are stimulated by interstitial cellstimulating hormone (ICSH), follicle-stimulating hormone (FSH containing ICSH), human chorionic gonadotrophin (HCG), and pregnant mare serum gonadotrophin (PMS).l Hall and Eik-Nes,2 moreover, studying the incorporation of labeled amino acids (1-C'4-valine and l-C14-tryptophan) into testicular proteins, have shown that ICSH will enhance this incorporation. This effect of gonadotrophin in vitro could VOL. 55, 1966 BIOCHEMISTRY: CONNELL AND EIK-NES 411 be prevented by compounds like chloramphenicol and puromycin. It also was noted that the stimulatory effect of ICSH upon testosterone production in rabbit testis slices was decreased with puromycin and chloramphenicol treatment suggesting that protein synthesis de novo (perhaps the synthesis of enzymes of the steroid biosynthetic pathway involved in the formation of testosterone) may be an important factor for the stimulation of steroid production.
Another source of labeled carbon, uniformly labeled C'4-glucose, was utilized in the present experiments for various reasons. Experiments with rabbit adrenal cortex tissue indicated that labeling of certain amino acids of the isolated adrenal tissue proteins was decreased with adrenocorticotrophin (ACTH) addition in vitro when glucose-C14 was the substrate. 3 The production of adrenal steroids was not studied in this investigation; consequently, it cannot be stated definitely that the physiologic response to ACTH, that of increased steroidogenesis, occurred. In addition, it has been shown that testis tissue has an active hexose monophosphate shunt4 I and this alternative pathway for glucose metabolism is indeed important for generation of reduced triphosphopyridine nucleotide (TPNH), an obligatory cofactor in certain steroid transformations. 6 The mechanism of action of the gonadotrophins is open to question, and a possible mechanism whereby the availability of this reduced cofactor is increased or perhaps not limited may be an important factor in the explanation of gonadotrophin action. The use of glucose as precursor for hormone formation would allow evaluation of the importance of the hexose monophosphate shunt for steroidogenesis, whereas more direct studies with acetate and cholesterol as steroid precursors completely bypass this important chain of reactions. It is, moreover, well documented that glucose can be converted to cholesterol. ' A series of experiments, therefore, were undertaken to determine whether or not uniformly labeled glucose could be utilized as a precursor for testosterone production by rabbit testis slices in vitro, if gonadotrophin treatment in vitro would stimulate this conversion and, finally, to examine the specific radioactivities of testicular proteins in such experiments.
Methods.-Tissue and incubation conditions: Testes were obtained from mature New Zealand rabbits after being killed by a sharp blow to the base of the skull. The tissues were sliced about 0.5-mm thickness with a Stadie-Riggs hand microtome. Approximately 500 mg of the slices were incubated at 37.50C for 2 hr in 25-ml Erlenmeyer flasks containing 3.0 ml Krebs-Ringer bicarbonate buffer (pH = 7.4) and uniformly labeled C14-glucose. The incubation flasks were placed in a Dubnoff metabolic incubator and oxygenated continuously with 95% 02/5% C02 gas mixture throughout 2 hr of incubation. Gonadotrophin preparations were diluted with saline and 0.1 ml added to the flasks at the onset of incubation. Control flasks received 0.1 ml saline only. After the 2-hr incubation, the contents of each flask were quickly frozen.
C14-ul-glucose and gonadotrophin preparations: HCG and PMS were kindly supplied by Dr. John Jewell of Ayerst Laboratories. ISCH (NIH-LH-S8) and FSH (NIH-FSH-S3) were supplied by the Endocrine Study Section of the National Institutes of Health. Two batches of uniformly labeled glucose (NEC-42X, specific activities: 0.5 mc/0.475 mg or 1.00 mc/1.92 mg) were obtained from New England Nuclear Corp.
Testosterone extraction and purification: The contents of the incubation flasks were homogenized in a glass tube with a motor-driven pestle until pieces of tissue were no longer visible. After rinsing the pestle and tube several times with saline to a volume of 8.0 ml, the homogenate then was made alkaline with 2.0 ml of 0.1 N sodium hydroxide. This mixture was extracted with 30 ml redistilled ether three times. The combined ether extracts were washed three times with onetenth volume distilled water, after which the extract was evaporated to dryness under nitrogen at 450C. This residue was defatted by dissolving it in 10 ml hexane which then was extracted with 15 ml 70% methanol three times. The combined methanolic extracts were evaporated to the aqueous phase under nitrogen at 450C and extracted with 20 ml redistilled ether three times. The combined ether extracts were evaporated to dryness in nitrogen.
Thin-layer chromatography: The residue was exposed to thin-layer chromatography on a glass plate coated with silica gel G in the solvent system cyclohexane-ethyl acetate (1:1, v/v). The area on the sample lane corresponding in chromatographic mobility to authentic testosterone, which was chromatographed on a separate lane and located on the glass plate by a Haines' ultraviolet (UV) scanner,8 was scraped from the plate, eluted, evaporated, and the residue acetylated. 9 The acetylated product was chromatographed on a thin-layer plate in the solvent system of benzene-ethyl acetate (4:1, v/v). The area on the sample lane which corresponded in chromatographic mobility to authentic testosterone acetate, which was chromatographed on a separate lane and located by the UV scanner, was eluted and the radioactivity contained in the eluate was quantitated by liquid scintillation spectrometry.
Purification of steroid to constant specific radioactivity: The C14-H3 radioactivity, chromatographing like authentic testosterone acetate and produced by HCG-stimulated slices (Table 1) , was purified to a constant specific radioactivity (the tritiated label was derived from H3-1,2-testosterone which was added to the sample at the beginning of extraction in order to correct for loss). Fifty ,ug authentic testosterone acetate were added to the isolated C14-H3 material, and the mixture was chromatographed on paper in methylcyclohexane:propylene glycol.10 The area on the paper behaving chromatographically like authentic testosterone acetate, chromatographed on a separate paper strip, was eluted and evaporated. The concentration of testosterone acetate in the residue was estimated by ultraviolet spectrophotometry, and an aliquot was used for quantification of C14 and H3.11 The remaining sample was chromatographed on a micro Woelm column, neutral, activity grade 1.12 The sample was transferred to the column by methylene dichloride (3 X 2 ml); the column then was developed with 10 ml methylene dichloride, followed by 10 ml 0.5% methanol in methylene dichloride (v/v), and finally by 10 ml 5.0% methanol in methylene dichloride (v/v). The fraction of 0.5% methanol in methylene dichloride was collected and quantitated by UV and liquid scintillation spectrometry. The remainder of the sample was saponified and then chromatographed on a thin-layer plate in the solvent system cyclohexane: ethyl acetate (1:1, v/v). The UV-absorbing area of the sample which chromatographed like authentic testosterone was scraped from the plate, eluted, and evaporated. The residue was oxidized with chromium trioxide,13 and the oxidation product chromatographed on thin-layer plates: initially, in the solvent system of chloroform: methanol (98:2, v/v) followed by thin-layer chromatography in the solvent system cyclohexane: ethyl acetate (1:1, v/v). In both systems, the oxidation product of the sample behaved chromatographically like authentic A4-androstenedione which was chromatographed on a separate lane. This conversion product was quantitated by UV and liquid scintillation spectrometry.
Recrystallization of C14-testosterone-(acetate) to a constant specific radioactivity: Authentic testosterone acetate (Steraloids, Inc.), 10-25 mg depending upon the C14 content of the sample, was added to the C'4 radioactivity behaving chromatographically like testosterone acetate. This mixture was recrystallized four or five times from various organic solvent combinations. After each crystallization, the mother liquor was removed, and the crystals were dried overnight in a desiccator under vacuum. Duplicate samples of crystals were weighed on a Cahn electrobalance, placed in counting vials, and dissolved in 10 ml scintillation fluid. Each sample was counted three times and for 30 min each time; the average of these three determinations was used as the counting rate. Counting efficiency for C14 in these samples was 82%. Specific radioactivity was calculated as C'4 dpm/mg testosterone acetate.
Determination of specific radioactivity of tissue proteins: Triplicate samples (approximately 2 mg) of testis tissue were removed from each flask and purified by the following method. The tissue was homogenized in cold 10% trichloroacetic acid (TCA), centrifuged for 30 min, and the supernatant solution was discarded. The pellet was resuspended in cold 5% TCA, centrifuged, and the supernatant solution discarded. This step was repeated twice. The ensuing precipitate was dissolved in 1.0 ml of 0.5 N sodium hydroxide and allowed to stand at room temperature for 1 hr, after which the protein was precipitated by the addition of 10% TCA followed by centrifugation. The precipitate then was washed twice with 5% TCA, once with acetone, and then twice with ethanol: ether (3:1, v/v). The defatted precipitate was dissolved in 1.0 ml of 0.1 N sodium hydroxide and 0.2 ml of the sample was used for protein determination by the method of Lowry." The protein was precipitated from the remaining 0.8 ml of the sample by the addition of 10% TCA and filtered with suction through a Millipore filter (pore size, 10 mc), washed with ether (anesthetic grade) twice, and dried. The Millipore filter was then placed in a counting vial, scintillation fluid added, and the C14 content determined in a Packard scintillation spectrometer. Protein standards for the Lowry technique were prepared from bovine serum albumin (Armour). In addition, a standard C04 protein sample (a mixture of bovine serum albumin and C14-algal protein obtained from New England Nuclear Corp., NEC-294) was carried through the purification procedure each time unknown tissue samples were purified by the above method. The method blanks were samples of 2.0 ml water processed as if they were "unknown" tissue samples. Specific radioactivity of the protein samples were calculated as C14 dpm/ugg protein, and significance of differences in protein specific radioactivity was assayed by factorial analysis. 15 Liquid scintillation spectrometry: The radioactive content of the protein and steroids was determined with a Packard Tricarb scintillation spectrometer. The radioactive sample was dissolved in 10 ml scintillation fluid (4 gm 2,5-diphenyloxazole and 40 mg 2,2-p-phenylenebis(5-phenyloxazole) dissolved in 1 liter of toluene).
Results and Discussion.-The first objective of this study was to determine whether or not uniformly labeled glucose-C'4 could be utilized as a precursor for testosterone-C'4 biosynthesized by rabbit testis slices in vitro. Initial results suggested that this carbon source was converted to testosterone and that HCG addition to the slices stimulated this conversion (Table 1 ). To be certain that no extraneous radioactivity, derived from nonutilized C'4-ul-glucose, was carried through the extraction and purification procedures, two flasks containing only buffer and labeled glucose were extracted and purified. No detectable counts above background were observed when these extracts were pooled and counted. These data indicated that the purification procedure adequately removed any contaminating C'4-ul-glucose from the isolated testosterone-C'4 samples. To confirm the identity of the isolated C14 radioactivity as testosterone acetate, the C14-testosterone-(acetate), approximately 2500 dpm, produced by HCG-stimulated slices was purified to a constant specific activity ( Table 2 ). The consistency of the specific activity of the C14-testosterone-(acetate) and its derivative C'4-A4-androstenedione throughout the paper, column, and thin-layer chromatographic procedures confirm the identity of the isolated product as testosterone. In addition, H1-1,2-testosterone was added to the samples at the onset of extraction in order to correct for loss, and consequently, C14 and HI labels were in the isolated testosterone. Thus, one other parameter, the H1-C14 ratio, could be checked and, as can be seen from the data in Table 2 , this ratio remained constant throughout the purification procedures.
The effect of other gonadotrophins, ICSH, FSH, and PMS on C'4-testosterone production from C14-ul-glucose in rabbit testis slices also was investigated. All gonadotrophins tried appeared to stimulate C'4-testosterone biosynthesis from C14-ul-glucose (Table 3) . To confirm the identity of these isolated samples as testosterone acetate, they were recrystallized separately to a constant specific radioactivity (Table 4) . It is apparent from these results that C14-ul-glucose can be utilized by rabbit testis slices in vitro for the synthesis of testosterone and that the incorporation of C14 from this carbon source is stimulated by gonadotrophic treatment in vitro.
Because of the report that protein synthesis from glucose-C'4 was depressed in an adrenal in vitro system following the addition of ACTH1, it was considered important to investigate concomitantly testosterone production and testis protein-specific radioactivity in our rabbit testis in vitro system (Table 5) . Again, stimulation of testosterone production by HCG in vitro was observed in this experiment. Comparison of the protein and steroid data suggested that the trophin treatment decreased the testis protein-specific activity (C14 dpm/,ug protein) and increased C14-testosterone production. The specific radioactivity of testicular proteins in HCGstimulated slices was decreased about 15 per cent in this experiment (Table 5 ).
The effect of saturation of this system by glucose had to be considered. An experiment utilizing increasing amounts of labeled glucose with the same amount $ HCG was added to the incubation flasks in 0.1 ml saline at the onset of incubation. Control flasks received:
0.1 ml saline only.
of testis slices was performed ( Table 6 ). 
